Summary
When tomato was grown in either ''Breinigerberg'' soil, which has a high content of Zn and of other heavy metals or in non-polluted soil enriched with upto 1 mM CdCl 2 , plants colonized with the arbuscular mycorrhizal fungus (AMF) Glomus intraradices grew distinctly better than non-mycorrhizal controls. An analysis of differential mRNA transcript formations was performed on several plant genes coding for products potentially involved in heavy metal tolerance. Northern blot analyses indicated that the mRNA from either roots or leaves was not differentially expressed in the case of LePCS1 (coding for phytochelatin synthase), Lemt1, Lemt3 and Lemt4 (for metallothioneins) or LeNramp2 (for a broad range heavy metal transporter) in both mycorrhizal and non-mycorrhizal plants, grown either with or without heavy metals. In contrast, Lemt2 was strongly expressed only in non-AMF-colonized roots, and only after growth in the Breinigerberg soil or in the presence of high CdCl 2 -concentrations. AMF colonization distinctly reduced the level of Lemt2 transcripts. This was also the case for the root specific LeNramp1 transporter, however, only after growth in the Breinigerberg soil, but not under Cd-stress. Likewise, the levels of LeNramp3 transcripts were reduced by the AMF colonization in roots, but not in leaves. Quantitative Real-Time RT-PCR-experiments performed with Lemt2, LeNramp1 and LeNramp3 largely corroborated the Northern analysis data. In situ hybridization experiments with Lemt2 and LeNramp1 showed that both genes were strongly expressed throughout the plant cells in non-colonized roots, whereas colonized roots revealed only few signals restricted to some parenchyma cells. All the data suggest that the transcript levels of some, but not all genes of the Nramp or mt family are 
Introduction
Arbuscular mycorrhizal fungi (AMF) have multiple beneficial effects on the growth of plants. The fine hyphae of the fungi effectively mobilize water and nutrients such as phosphorus, nitrogen, potassium, calcium, iron and copper from soil particles, and these nutrients are then transferred to the host plants (Kothari et al., 1990 (Kothari et al., , 1991 Jakobsen et al., 1992; Johansen et al., 1992; Smith and Read, 1997) . AMF-colonized plants are generally more resistant to stresses caused by drought, salt, heavy metals or attack by pathogens. These positive effects of the fungi on the growth of plants often result from an improved nutrient supply, and can partly be due to complex and not easily resolved interactions between the symbiotic partners.
With regard to heavy metal stress, the literature is somewhat controversial. At low concentrations, several heavy metals such as Zn, Cu, Mn or Mo are micronutrients. Published data indicate that the colonization of roots by AMF results in an enrichment of these metal ions in the low concentration range (Díaz et al., 1996; Leyval et al., 1997) . In contrast, AMF-colonized roots of plants from soils severely polluted by high concentrations of heavy metals show lower amounts of heavy metals than non-colonized plants (Schüepp et al., 1987; ElKherbawy et al., 1989; Weissenhorn et al., 1995; Kaldorf et al., 1999 ; but see also opposite data by Gildon and Tinker, 1983; Killham and Firestone, 1983) . At high heavy metal concentrations, the elements that unavoidably reach the inside of the roots are concentrated in the inner root parenchyma cells, where the intraradical fungal structures (arbuscules, vesicles, intraradical hyphae) mainly reside . This observation is largely in agreement with findings of an earlier study with AMF-colonized roots of Pteridium aquilinum (Turnau et al., 1993) . Although biophysical methods do not allow discrimination of heavy metal distribution between fungal and plant cell structures, the fungi obviously direct heavy metal allocation within the roots. Several mechanisms for this allocation can be envisaged (Galli et al., 1994; Leyval et al., 1997; Schützendübel and Polle, 2002) : (a) heavy metals may be bound to the cell wall and may be deposited in the vacuoles of the fungi, (b) heavy metals may be attached to siderophores and sequestered either into the root apoplasm or into the soil, (c) heavy metals may be bound to metallothioneins or phytochelatins inside the fungal or plant cells, or (d) heavy metal transporters at the plasmalemma or tonoplast of both partners may catalyse the export of heavy metals from the cytoplasm. The alterations in heavy metal content in roots upon colonization by the fungi suggest that extensive changes in gene expression occur, presumably both at the transcriptional and the translational levels. Thus, heavy metal tolerance of plants conferred by AMF colonization cannot easily be resolved because of the multiplicity of factors involved.
The present study attempted to elucidate at least some of these factors by transcriptional analyses. Oligonucleotide primers were developed to amplify segments of gene sequences coding for proteins currently considered to confer heavy metal tolerance. Conserved gene sequences of metallothioneins, phytochelatin synthase and the so-called Nramp genes, which might encode broadrange heavy metal transporters, were used. The obtained probes were employed to study gene expression in tomato grown either in a heavy metal soil or under defined Cd concentrations in a soil-like medium. The present study employed Northern analyses, real-time RT-PCR and in situ hybridizations. The manuscript will describe that AMF colonization of the roots has a severe impact on the expression of some genes coding for proteins presumed to be involved in heavy metal tolerance on the plant side. Attempts to gain access to the fungal counterpart genes by heterologous approaches (DNA hybridization, PCR with degenerate primers) have thus far failed. Therefore, a SSH library was constructed from G. intraradices hyphae grown in the presence of high and low concentrations of Zn ++ ions. Several differentially expressed genes were detected. The potential role of some of these will be discussed.
Materials and methods
Plant, fungal and soil material used Tomato (Lycopersicon esculentum Mill. var. Tamina) seeds were purchased from Schmitz and Laux, D-Hilden. The AM fungus G. intraradices Schenk &. Smith isolate Br1, obtained from the roots of the zinc violet, Viola calaminaria (Ging.) Lej. Kaldorf et al., 1999) was used for the growth of tomato in the heavy metal soil from Breinigerberg. Both symbiotic partners were grown in the greenhouse using surface-sterilized tomato seeds and AMF spores. Likewise, the production of the fungal spore inoculum, using expanded clay and Tagetes as host plant, was performed as in earlier studies (Schmitz et al., 1991; Hildebrandt et al., 1999) . The tomato-fungal symbiosis was grown in 1 l pots containing 10% non-polluted soil (''Einheitserde'', from Steuder Comp, D-Schermbeck), 10% Lecaton (Ø 2-4 mm, pore width 75%), 10% fungal inoculum and 70% heavy metal soil. In the controls, heavy metal soil was substituted with Lecaton. Plants were watered daily. To ensure a high degree of mycorrhizal colonization (generally 7575%), the tomatoes were grown under phosphate limitation. For this, a 1:1 diluted Hoagland's nutrient solution (with 7.5 mM nitrate, no phosphate, 30 ml per plant) was added once a week to the pots. Once a month, this solution was supplemented with 0.5 mM KH 2 PO 4 . Further details of the growth conditions have been described elsewhere (Schmitz et al., 1991; Hildebrandt et al., 1999; Kaldorf et al., 1999) .
The element composition of the heavy metal Breinigerberg soil was given in the preceding publication . In addition, the bioavailability has now been determined by the use of the lux constructs of Ralstonia eutropha (Van der Lelie et al., 1994) . The element concentrations detectable by R. eutropha in mg/kg were: Pb: 5970.2, Zn: 3170.4 and Ni: 670.9 (n ¼ 2 for all three elements). The concentration of Cd was negligible in this soil . Under these conditions, where fertilization was optimized, plants colonized by the AMF fungus G. intraradices had a two-fold higher fresh weight than the non-mycorrhizal controls. However, growth was impaired by approximately 2/3 even in mycorrhizal plants, compared with plants grown in non-polluted control soils.
The degree of AMF colonization was determined by a modified version of the gridline intersect method after staining with lactophenol blue (Schmitz et al., 1991) . Colonization was 7574% both in Breinigerberg and in non-polluted control soils, whereas roots of the non-inoculated controls were not colonized at all.
For the experiments with Cd as the heavy metal, plants were grown in a mixture of 10% Einheitserde, 80% Lecaton and 10% fungal inoculum and watered with either 0, 0.5 or 1 mM CdCl 2 every second day after the second week. In the controls, without Cdtreatment, the fresh weights of roots, shoots and leaves were essentially the same in AMF-colonized and control plants. In contrast, in the Cd-treated plants, root and shoot fresh weights were about four-fold and three-fold, respectively (with 0.5 mM CdCl 2 ), or two-fold (with 1.0 mM CdCl 2 ), higher in AMF-colonized tomatoes than in the controls. Mycorrhizal colonization was 7178% for the nontreated controls, 7376% with 0.5 mM and 6973% with 1.0 mM CdCl 2 . Non-inoculated controls showed 0% AMF colonization in all cases.
Prior to use, all soil material was steam-sterilized. The tomato plants used for all analyses were grown for 14 weeks in the greenhouse until the onset of red fruit formation, both in the experiments with natural heavy metal soil from Breinigerberg, or in the presence of CdCl 2 . The 14 weekold plants were harvested in the early morning and stored in liquid nitrogen until use.
Isolation of nucleic acids, Southern and Northern blot analyses
Genomic DNA from tomato roots and leaves was isolated as described by Raeder and Broda (1985) , and RNA according to Eggermont et al. (1996) . The purity of the DNA and RNA was monitored by the absorbance ratio at 260-280 nm. For the Southern analyses, DNA fragments were separated on a 0.8% agarose gel, transferred onto Biodyne B nylon membranes (from Pall, D-Dreieich) using a vacuum blotter (2016 VacuGeneXL Vacuum Blotting System, Amersham Biosciences, D-Freiburg) and fixed by exposure to UV light. Hybridizations were performed with Digoxigenin-labelled DNA probes synthesized by incorporation of DIG-dUTP (from Roche, D-Mannheim) by PCR. Hybridizations (using DIG-Easy Hyb from Roche, T ¼ 42 1C) and filter washings were performed as described by the manufacturer (Roche). The DIG-labelled hybridized DNA was detected immunologically by alkaline phosphatase-conjugated antibodies, using CSPD as substrate. For the Northern analyses, total RNA (20 mg/lane) was separated on 1.2% formaldehyde agarose gels supplemented with ethidium bromide. Chemiluminescent and colorimetric Northern blot analyses were carried out with Digoxigenin-labelled riboprobes. The vector pGEM s -T Easy, containing the cloned PCR-products, was linearized and used as template for the in vitro transcription with Sp6 or T7 RNA polymerase producing Digoxigeninlabelled antisense-or sense-RNA probes. Signal intensities were quantified by using the NIH Image 1.62 Computer Programme. To standardize the signal intensities, filters were subsequently stripped and then hybridized with an 18S-rDNA probe obtained by amplifying the nucleotides 1575-1783 ( ¼ X51576) of tomato RNA by PCR. To have comparisons in the signal strengths, the lowest signal intensity obtained in one lane of the blots was set to 1.0. Any difference in the amount of 18S-rRNA loaded was also taken into account for this calibration.
Synthesis of cDNA from root or leaf total RNA (2 mg/reaction) was performed with the SUPER-SCRIPT Preamplification System for First Strand cDNA Synthesis (Invitrogen, D-Karlsruhe). Any contaminant DNA was removed by incubation with DNaseI (amplification grade, Invitrogen). The RNA was then denatured by incubation at 65 1C for 10 min, and reverse transcription was started by using the RACE1 oligo dT-primer (Table 1 ). The obtained cDNA was digested with RNase H (2 U per ml, Gibco BRL, now Invitrogen, Gaithersburg, MD, USA) and purified using the QIAquick PCR Purification Kit (Qiagen, D-Hilden).
The primers used for the amplification of the tomato gene segments, the length of the segments obtained and their sequence identities are given in Table 1 
Protocol for Real-Time RT-PCR
The reaction was carried out in a GeneAmp 5700 sequence detector system (Applied Biosystems) using the following thermal profile: 2 min at 50 1C, 10 min at 95 1C, 40 cycles of 15 s at 92 1C, 1 min at 60 1C using AmpliTaq Gold DNA polymerase. Fluorescence of the amplificates was detected with the SYBR Green PCR Master Mix (Applied Biosystems, DWeiterstadt), and quantified by use of the GeneAmp 5700 sequence detection system software. The primers specifically developed for Real-Time RT-PCR were as follows: for Lemt2: (METR2) TGG CTG TGG AGG AAG CTG TAA and (METR22) AGG TGC AAC TCC CTC GAT GAT; for LeNramp1: (NrmR1) GTT GTG ACC TAC ATT GAT CCA ATC A and (NrmR11) TCA GCA AGA TCC TCT CTA TAA GGC A; for LeNramp3: (NrmR3) TGT GCT ATC GTC CCA ACT CTG AT and (NrmR33) TGG ACA CAC TGA AGA ACG TTG AG; and for 18S-rRNA (18S-1) GAT GCG CTC CTG GCC TTA AT and 18S-2 TAC AGA GCG TAG GCT TGC TTT. Standardization for all the gene amplificates was performed against the 18S-rDNA using 18S-1 and 18S-2.
In situ hybridization experiments
This method has essentially been described in a preceding publication (Kaldorf et al., 1998) , but is slightly modified here. Tomato roots were fixed in 4% formaldehyde for 16 h at 4 1C, infiltrated with xylene and embedded in Histowax (Leica). Longitudinal sections (12 mm) were mounted on (3-aminopropyl)-trimethoxysilane-coated slides. The sections were treated with 0.125 mg/ml pronase and fixed with 4% formaldehyde. Digoxigeninlabelled sense, and antisense RNA probes were obtained by in vitro transcription of linearized vectors containing the cloned PCR-products. The samples obtained were chemically hydrolysed in 80 mM NaHCO 3 /120 mM Na 2 CO 3 to provide a final probe of approximately 200 nucleotides. The hybridization solution (50% formamide, 20 mg/ml t-RNA, 30 mM NaCl, 1 Â Denhardt's solution, 10% dextran sulphate) was then added to the probes, which had a final concentration of 1 ng/ml). Hybridization was performed for 16 h at 50 1C. Signals were detected with anti-Digoxigenin-antibodies coupled to alkaline phosphatase. Photos were taken with a Hamamatsu digital camera C4742-95.
Generation of G. intraradices hyphae free of plant tissue
G. intraradices INVAM Sy167 was grown, in a similar fashion to that described by Pfeffer et al. (1999) , in a dual culture with Ri T-DNA transformed carrot root organ cultures (kindly supplied by H. Vierheilig, Vienna), in a modified minimal medium (Hildebrandt et al., 2002) , supplemented with either 1 mM ZnSO 4 or 100 mM ZnSO 4 , and with 0.4% (w/v) gellan gum (GelGro, ICN, D-Eschwege) to enable subsequent solubilization. The dual culture of G. intraradices and carrot roots was maintained for 2 months at 27 1C. The GelGro of the distal compartment containing only spores and hyphae was dissolved in citrate buffer (pH 6) at 30 1C (Doner and Bécard, 1991) . These spores and hyphae were filtered and rinsed with sterile water on a filter before freezing in liquid nitrogen prior to use. Race1: CCA CGA GTC GAC TCT AGA GCT CGG ATC CTT TTT TTT TTT TTT TTT. Race2: CCA CGA GTC GAC TCT AG. Race3: CTC TAG AGC TCG GAT CC. All sequence identities are referred to the published sequences for tomato, * with the exception of LeNramp2 (77% identical to the corresponding gene from Arabidopsis thaliana).
RNA extraction and suppression subtraction (SSH) library construction
Total RNA was extracted using RNeasy spin columns (Qiagen, D-Hilden) by following the supplier's protocol. The obtained fungal RNA was freed from DNA using DNAseI (Invitrogen, Karlsruhe). RNA amount and quality were controlled by electrophoresis and absorbance measurement.
For SSH (Diatchenko et al., 1996) , doubledstranded cDNA was obtained by using the SMART-PCR cDNA Synthesis Kit (Clontech, D-Heidelberg) from 1 mg of total RNA of G. intraradices Sy167 spores and extraradical hyphae, grown either in 100 mM ZnSO 4 (tester) or with 1 mM ZnSO 4 (driver). The cDNA populations were then subtracted using the PCR-Select cDNA Subtraction Kit (Clontech, DHeidelberg) following the manufacturer's instructions. The remaining cDNA was amplified and 1 ml of the final PCR reaction products was cloned into the pGEM s -T Easy vector (Promega, D-Mannheim).
Reverse Northern analyses with the RNA from clones of the SSH library Recombinant clones were amplified by PCR using Nested PCR primer1 and Nested PCR primer2R (sequences available at http://www.clontech.-com), which flank the borders of every insert from the subtractive library. PCR was performed using Taq polymerase (Promega, D-Mannheim) in a volume of 50 ml with 40 cycles (15 s at 95 1C, 30 s at 65 1C, 90 s at 72 1C). Aliquots (15 ml) of the PCR products were separated in a 1.5% agarose gel and blotted in parallel onto two nylon membranes (Biodyne B, Pall) using a vacuum blotting manifold (2016 VacuGeneXL Vacuum Blotting System, Amersham Biosciences, DFreiburg) according to the manufacturer's protocol and fixed by baking at 120 1C for 30 min. A Digoxigenin-labelled probe was prepared from each population (driver and tester) using SMART cDNA as the template, by incorporation of DIG-dUTP (Roche, Mannheim) in a PCR reaction, using the SMART PCR primer from the SMART cDNA synthesis kit. Hybridization and immunological detection were performed as described above.
Results
Generation of cDNA sequences of putative heavy metal tolerance-related genes Genes with products possibly involved in heavy metal tolerance were screened for conserved motifs in the databanks to develop primers for PCR. PCR products were then obtained with the degenerated, specific primers synthesized and cDNA from tomato. All PCR products were subsequently cloned and sequenced to verify their identity. Details are given in Table 1 .
The sequences of the one phytochelatin synthase and the four metallothionein gene segments used were identical to those described in the literature. For the Nramp transporters, degenerate primers developed from the sequences of Arabidopsis thaliana, Oryza sativa and Saccharomyces cerevisiae gave two PCR-products. Subsequent 3 0 RACE-PCR with these provided: (a) a 1300 bp segment with 99% DNA sequence identity to the now published gene Nramp1 from tomato (Bereczky et al., 2003) , and (b) a 1100 bp amplificate was obtained with 77% DNA sequence identity to the Nramp2 gene from A. thaliana. This new LeNramp2 sequence has been deposited (accession no. AY562196). The development of a probe for an additional Nramp transporter gene utilized a 164 bp nucleotide sequence from tomato (AI637357). The primers used and 3 0 RACE-PCR also generated a 1130 bp segment identical to Nramp3 of tomato (Bereczky et al., 2003) .
The specificity and, thus, the applicability for transcript analysis of the LeNramp cDNA sequences was tested in cross-hybridization experiments with Digoxigenin-labelled segments. A faint signal was detected when LeNramp2 hybridized with the labelled probe of LeNramp3. This signal intensity was, however, about 10 3 -fold weaker than that obtained in homologous control hybridizations. No signals were observed in heterologous hybridizations with the other Nramp segments, nor with the metallothionein gene segments (Ouziad, 2003) . Thus, the different probes were sufficiently specific for transcript analysis.
Using cDNA developed from spores of G. intraradices Sy167 or G. intraradices Br1, all attempts to obtain respective PCR-products with the different primers for Nramp-or Zn-transporters consistently failed, despite the fact that these primers were successfully employed with DNA from tomato.
Analysis of transcript formation
To assess expression of the above-mentioned genes under heavy metal stress in the presence or absence of AMF colonization, tomatoes were grown for 14 weeks, either in the heavy metal soil from Breinigerberg or in non-polluted control soil. Total mRNA was then isolated and Northern analyses were performed with the different probes. Signal intensities were standardized with the 18S rRNA content (Fig. 1) . The contribution of the fungal part was approximately 5-12% of the total amount of root DNA (Maldonado-Mendoza et al., 2002) and could, therefore, be disregarded. The genes coding for phytochelatin synthase, for the metallothioneins 1, 3 and 4 and for the transporters Nramp2 and 3 were expressed both in roots and leaves (Table 2 ). In contrast, transcripts for Nramp1 and Lemt2 were detected only in roots. No significant differences in the signal intensities between AMF-colonized and control plants were seen for LePCS1, Lemt1, Lemt3, Lemt4 and LeNramp2, with RNA from either roots or leaves ( Table 2 ). The Figure 1 . Transcript analysis of genes with products potentially involved in heavy metal tolerance. Tomato plants were grown for 14 weeks either with AMF or as non-colonized controls in the ''Breinigerberg'' heavy metal soil. Total RNA was then isolated. After the densitometric determination of the signal intensities obtained in the Northern blots, the filters were stripped and rehybridized with the 18S-rRNA probe for standardization. Lemt2 ¼ tomato metallothionein gene 2, Nramp 1, 2, 3 ¼ broad range transporters Nramp. M ¼ mycorrhizal plants, NM ¼ non-mycorrhizal plants. Controls ¼ plants grown in the non-polluted soil (for the composition see Materials and Methods). metallothionein gene Lemt2 was, however, strongly expressed in roots only when grown under heavy metal stress and in the non-colonized state (Fig. 1) . A faint transcript formation for this gene was detected in AMF-colonized roots grown either in the Breinigerberg or the non-polluted soil, and also in non-colonized roots grown in the non-polluted soil (Fig. 1) . A similar difference was detected for the root transporter Nramp1, which was expressed twice as much in the control than in AMF-colonized roots grown in Breinigerberg soil, whereas the material from the non-polluted control soil had formed almost no transcripts from this gene (Fig. 1) . LeNramp3 showed expression in AMFcolonized roots that was two-fold lower than in non-colonized plants, but showed no significant difference in leaves (Table 2) .
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A similar pattern of gene expression was observed in tomatoes grown under CdCl 2 -stress (Fig. 2, Table 2 ). For phytochelatin synthase and for the LeNramp transporter genes 2 and 3, the mRNA signal intensity was comparably high in both AMF-colonized and control tomatoes, both in roots and leaves. Also under Cd-stress, Lemt2 and LeNramp1 were expressed in roots, but no band was detectable in the Northern experiments with leaf mRNA. The transcript level of Lemt2 was distinctly reduced upon AMF colonization, whereas the difference was not statistically significant for LeNramp1 under Cd-stress in three replicate experiments.
Transcript levels of Lemt2, LeNramp1 and LeNramp3 were also assessed by quantitative Real-Time PCR in three independent experiments, with the same outcome (Fig. 3) . Lemt2 was only weakly detectable in cDNA from plant roots grown in the non-polluted soil. Transcript levels were high in non-colonized roots grown in the Breinigerberg soil: approximately ten times higher than in the AMF-colonized samples. For LeNramp1 and LeNramp3, colonization by AMF resulted in a three-fold reduction of transcripts in roots grown in the heavy metal soil. Samples grown in the nonpolluted soil showed approximately two-fold higher transcript levels of the latter two genes for the colonized state than for the controls (Fig. 3) .
Examinations by mRNA-in situ hybridization experiments (Fig. 4) were performed with the two genes (Lemt2 and LeNramp1), which were strongly expressed in roots of non-AMF-colonized tomatoes grown in the heavy metal soil Breinigerberg, and which distinctly responded in their expression to AMF colonization. Signals of Lemt2 transcripts were strongly and evenly distributed in all cells of the roots of non-colonized tomato. In contrast, transcripts were detected only in few parenchyma cells of the root cortex in AMF-colonized roots using the dig-labelled antisense probe. Expression of the transporter gene Nramp1 was observed only in noncolonized samples and was restricted to few cells of the vascular bundle. Controls with the sense probe did not provide any specific signal for the two genes tested in tomato roots grown in the Breinigerberg soil.
Identification of putative heavy metal tolerance-related genes from G. intraradices
To access fungal genes with products potentially functional in heavy metal tolerance, G. intraradices Sy167 was grown in co-culture with Ri T-DNA transformed carrot roots in the presence of either 1 or 100 mM ZnSO 4 . The use of split agar plates allowed growth of the hyphae but not carrot roots beyond the chamber borders, which enabled us to isolate fungal hyphae and spores free of contaminating plant tissue. Such hyphae grown either in 100 mM or 1 mM ZnSO 4 were used for constructing a suppression subtractive hybridization library.
Among the 576 clones selected from this library for sequencing, 432 provided sequences that could be annotated (Fig. 5 ). Among these, 31% did not show homologies to known sequences, 17% belonged to genes with products of unknown function, and 47% coded for genes with products probably unrelated to heavy metal tolerance. Only 5% of the genes bore resemblance to stress genes (Fig. 5) . Unexpectedly, none of the sequences obtained by this untargeted approach revealed relatedness to genes discussed in heavy metal tolerance, such as those coding for metallothioneins, Nramp transporters, phytochelatin synthase or others. Among the ESTs analysed, the following may be remarkable since their gene products are possibly related to oxidative stress generated by heavy metals: Glutathione S-transferase (clones obtained 4 Â ), cytochrome P450 oxidoreductase (8 Â ), cytosolic Cu/Zn dismutase (2 Â ), thioredoxin (1 Â , also for the rest following), DNA mismatch repair protein (mutLhomologue), heat shock protein hsp 90 and dnaJ homologue. Each of the 576 sequences was deposited in the Bielefeld MolMyk-project data base (http://www.genetik.uni-bielefeld.de/ MolMyk). Reverse Northern analysis (with cDNA obtained from isolated mRNA) revealed that the expression of 109 genes out of 260 was elevated under the high Zn-concentration. These 109 contained glutathione S-transferase (3 Â ), cytochrome P450 (4 Â ), thioredoxin and a superoxide dismutase-like gene. Others from reverse Northern analysis to be mentioned here are a putative GTPase-activating protein and a putative glutamine synthetase.
Discussion
Reports on heavy metal stress and its alleviation in plants often concentrate on the study of one single gene at the transcriptional and/or translational level(s). Comparative studies of the factors involved have to cope with the fact that heavy metal tolerance of plants results from complex interactions, to which many proteins contribute. Among the transporters considered to import or export heavy metals in cells are non-specific ones, such as the Nramp gene products with a preference to divalent cations (Cellier et al., 1995; Gunshin et al., 1997; Thomine et al., 2000; Portnoy et al., 2002) , CPx-type ATPases (Williams et al., 2000) , cation diffusion facilitators (CDF) (Williams et al., 2000; Bloß et al., 2002) , as well as Zip transporters (Fox and Guerinot, 1998) . In addition, more element-specific proteins such as the Zrt-Irt-like (ZIP) transporters for Zn or Fe (Gaither and Eide, 2001) , CTR proteins for Cu (Eide, 1998) and others may contribute to heavy metal tolerance of plants. The transporters are generally encoded by families of genes. A. thaliana, for example, possesses at least six different Nramp genes (Williams et al., 2000; Forbes and Gros, 2001) , and two such genes have been recently, at the end of the present investigation characterized from tomato (Bereczky et al., 2003) . Metallothioneins which bind heavy metals inside the plant cytoplasm also comprise a fairly large family, separated into classes I and II proteins (Robinson et al., 1993; Giritch et al., 1998) . The siderophores are sometimes added to this family as class III metallothioneins (Zenk, 1996; Giritch et al., 1998) . Being well aware of the experimental limitations due to the multiplicity of factors involved, the current publication is supposed the first attempt to study the differential transcription of several typical heavy metal-responsive genes side by side, both in dependence on heavy metal stress, and on AM colonization. Five of the genes examined (Lemt1, Lemt3, Lemt4, Nramp2, LePCS1) were not differentially expressed in tomatoes grown in any of the conditions tested (non-polluted control or heavy metal soils or under CdCl 2 -stress), regardless of whether or not the roots were AM colonized. In the Northern blots of all five genes, however, faint signals were detected. Thus, these genes are either not regulated at the transcriptional level or they may not be involved in the detoxification of heavy metals. They may, however, catalyse the uptake of heavy metal micronutrients such as Fe, Zn, Mn or Mo. Heavy metals were not growth-limiting even in the experiments with the non-polluted control soil. Therefore, any up-regulation in the transcription could not be detected for such genes that code for enzymes catalysing the uptake of essential heavy metals up to the threshold-level above which they become toxic. Furthermore, it cannot completely be excluded that the products of these genes may be involved in heavy metal tolerance at plant growth states other than that presently analysed.
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All three experimental approaches (Northern analysis, Real-Time RT-PCR, and in situ hybridization) indicated that the metallothionein gene Lemt2 responded strongly to heavy metal stress, provided either by CdCl 2 or the Breinigerberg heavy metal soil. This Lemt2 gene product is characterized by an unusual distribution of cysteines within the molecule, which distinguishes it from the class I and II type metallothioneins (Giritch et al., 1998) . In a agreement with Giritch et al. (1998) , the gene was organ-specifically expressed only in roots in the present study. Metallothioneins from other plants have also been found to be ectopically expressed in roots (Evans et al., 1990; Foley and Singh, 1994; Zhou and Goldsbrough, 1995; Foley et al., 1997) . Metallothioneins might bind heavy metals in the cytoplasm, and may aid in sequestering them into the vacuoles or out of the cells. The organ-specific location of Lemt2 in roots, its pronounced response to a combination of heavy metals provided by the Breinigerberg soil, and in particular, to Cd-stress, as well its responsiveness to AM colonization, indicates that the Lemt2 gene product plays a prominent role in the detoxification of heavy metals in tomato.
Like Lemt2, Nramp1 is expressed in roots but not in leaves. Its transcript level is also down-regulated upon mycorrhizal colonization, but only in tomato grown in the Breinigerberg soil, in contrast to the CdCl 2 -grown roots. Similarly, transcript levels of Nramp3 are approximately two-fold higher in noncolonized roots than in mycorrhizal material, again only after growth in the Breinigerberg soil, but not upon exposure to CdCl 2 . However, this gene is also expressed in leaves with no differences in signal intensities in AMF-colonized and non-colonized plants. Thus, some Nramp transporters, as well as metallothioneins, are organ-and element-specifically expressed. Differential organ-specific transcript formation of Nramp transporters has also been described for rice (Belouchi et al., 1997) , Arabidopsis (Thomine et al., 2000) , tomato (Bereczky et al., 2003) and, in dependence on AMF colonization, also for other genes totally unrelated to heavy metal tolerance (Taylor and Harrier, 2003) , and is, therefore, not surprising. Some Nramp transporters have an unusually broad substrate range for divalent cations (Gunshin et al., 1997; Fox and Guerinot, 1998; Forbes and Gros, 2001 ). The present study indicates that both ARTICLE IN PRESS Figure 5 . Homologies of 432 sequenced clones of the suppression substractive hybridization library constructed from Glomus intraradices hyphae grown either with 100 mM ZnSO 4 (for obtaining tester cDNA) or 1 mM ZnSO 4 (for driver cDNA). The experimental details are given in Materials and Methods.
Nramp1 and Nramp3 can discriminate between treatment with CdCl 2 and the Breinigerberg soil (where Zn is the major toxic element and where the concentration of Cd is negligible). Thus, element-specific Nramp transporters could well exist in addition to the broad range proteins in this family (Portnoy et al., 2002) . Their role in relation to proteins that specifically transport one single heavy metal remains to be elucidated. A specific Zip-type Zn transporter from Medicago truncatula, with no apparent sequence homology to Nramp, has recently been found to be up-regulated in roots by Zn fertilization and down-regulated by AMF colonization (Burleigh et al., 2003) .
In the detoxification of heavy metals, a prominent role has been assigned to phytochelatins (Grill et al., 1985; Zenk, 1996 ; but see Leopold et al., 1999) . Phytochelatin synthase is primarily regulated by activation on the enzyme level by metals such as Cd, Zn, Cu, Ag and others (Grill et al., 1987; Chen et al., 1997; Cobbett, 2000; Vatamaniuk et al., 2000) . Evidence for any effect of heavy metals on mRNA formation is limited (Clemens et al., 1999) . Thus, it is not surprising that mRNAformation of phytochelatin synthase in tomato was not altered by growth in the CdCl 2 -containing or in the Breinigerberg soil, and was also independent of mycorrhizal colonization of the roots in the present study.
Most authors agree that colonization of roots by AMF helps to detoxify heavy metals. In AMFcolonized roots, the concentration of heavy metals was reported to be lower than in the non-colonized controls (Gildon and Tinker, 1983; Joner and Leyval, 1997; Li and Christie, 2001; Zhu et al., 2001) . AMF were also shown to confer enhanced arsenate resistance on a grass (Gonzalez-Chaves et al., 2002) . In line with all these findings, AMFcolonized maize grown in the Breinigerberg heavy metal soil, and also from another location, was found to contain lower levels of heavy metals in roots and shoots than the non-colonized control plants . Biophysical determinations (SIMS, EDXA and LAMMA) indicated that heavy metals residing inside the root tissues of AMF plants were concentrated in the inner parenchyma cells where most of the internal fungal structures are located . Specific AMF isolates exist which confer heavy metal tolerance on plants more efficiently than commonly used strains (Gildon and Tinker, 1981; Galli et al., 1994; Weissenhorn et al., 1994; Kaldorf et al., 1999) . The mechanism(s) by which AMF reduce the heavy metal content is (are) not known. AMF mycelia have a high metal sorption capacity relative to other microorganisms (Joner et al., 2000) . The fungi may deposit the heavy metals in their cell walls, their transporters may export the elements more efficiently than the plant cells, their vacuoles may have a high storage capacity, or they may detoxify heavy metals outside their hyphae by sequestering siderophores. Any direct influence of fungal signal substances to down-regulate plant genes involved in heavy metal tolerance cannot be ruled out, but seems unlikely. The differential down-regulation of plant mRNA (present study and Burleigh et al., 2003) and proteins (Repetto et al., 2003) may simply be due to what has been termed the ''dilutive effect'' (Burleigh et al., 2003) of heavy metals. In the present study, the lower concentration of heavy metals inside the plant cells may cause a decrease of transcript formation of Lemt2 and other genes (Table 2 ) involved in heavy metal tolerance. It should, however, also be noted that mycorrhizal colonization can induce or upregulate the expression of other proteins, as shown recently under Cd-stress (Repetto et al., 2003) .
In line with the ''dilutive effect'' of the fungi, it may not be too surprising that fungal counterpart genes coding for metallothioneins, Nramp transporters or others possibly involved in heavy metal tolerance do not show up in subtractive hybridization approaches. Among the 516 clones analysed, only about 2% were potential transporters (Fig. 5) , but a specific function in heavy metal detoxification can hardly be attributed to them. In a similar approach, the sequences of 89 clones of a SSH library obtained from G. intraradices grown in the presence of Cd, Cu and Zn did not reveal similarities to genes potentially coding for proteins involved in heavy metal tolerance (Rhody, 2002 ). An EST of a putative Zn-transporter from G. intraradices has been deposited (accession no BI452096). A metallothionein gene from Gigaspora margarita was shown to be expressed in a lifestage-dependent manner (Lanfranco et al., 2002) , and metallothionein-like sequences have also been published for G. intraradices (accession no BI451899, M.J. Harrison) and Gigaspora rosea (Stommel et al., 2001 ). However, a gene segment from the Glomus intraradices sequence was developed by PCR which, in our hands was not differentially expressed in Zn-treated hyphae in the split chamber system using Ri T-DNA-transformed carrot roots for the growth of G. intraradices (U. Hildebrandt, unpublished) . Consequently, it remains to be shown whether the Zntransporter and the metallothionein gene products act in the detoxification of heavy metals in fungi. It can still be argued that the number of clones analysed from the SSH libraries is not yet sufficient to reveal fungal genes coding for heavy metal tolerance proteins. On the other hand, the heavy metal SSH library (this communication, Rhody, 2002, see also Lanfranco et al., 2002) provided several genes with putative roles in oxidative stress alleviation. In all such approaches, many clones contained glutathione S-transferase and several superoxide dismutase. Thus, the major task of AMF proteins to make the plant-AMF symbiosis heavy metal tolerant may be to protect against heavy metal-induced oxidative stress and to remove reactive oxygen species (Schützendübel and Polle, 2002) . In addition, thiol redox proteins such as thioredoxin (also a cDNA of the present SSH library) and glutathione may be effective in binding heavy metals in AMF, as suggested for Cd-stress in Saccharomyces cerevisiae (Vido et al., 2001) .
A new avenue to elucidate the factors that govern fungal and plant heavy metal stress may be provided by microarrays. Such an approach has recently been employed to detect environmental stress response genes, which include those coding for heavy metal tolerance in fission yeast (Chen et al., 2003) . Currently, DNA microchips are available for the plant side, for example for Medicago truncatula. It might be a rewarding, though long-term task, to develop similar chips for AMF and for a plant colonized by AMF to solve questions addressed in the present study.
